Triclosan is an antimicrobial chemical incorporated into many personal, medical and household products. Approximately, 75% of the U.S. population has detectable levels of triclosan in their urine, and although it is not typically considered a contact sensitizer, recent studies have begun to link triclosan exposure with augmented allergic disease. We examined the effects of dermal triclosan exposure on the skin and lymph nodes of mice and in a human skin model to identify mechanisms for augmenting allergic responses. Triclosan (0%-3%) was applied topically at 24-h intervals to the ear pinnae of OVA-sensitized BALB/c mice. Skin and draining lymph nodes were evaluated for cellular responses and cytokine expression over time. The effects of triclosan (0%-0.75%) on cytokine expression in a human skin tissue model were also examined. Exposure to triclosan increased the expression of TSLP, IL-1b, and TNF-a in the skin with concomitant decreases in IL-25, IL-33, and IL-1a. Similar changes in TSLP, IL1B, and IL33 expression occurred in human skin. Topical application of triclosan also increased draining lymph node cellularity consisting of activated CD86
þ Th2 cells and IL-17 A þ CD4 T cells. In vivo antibody blockade of TSLP reduced skin irritation, IL-1b expression, lymph node cellularity, and Th2 responses augmented by triclosan. Repeated dermal exposure to triclosan induces TSLP expression in skin tissue as a potential mechanism for augmenting allergic responses.
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Triclosan (2,4,4 0 -trichloro-2 0 -hydroxydiphenyl ether) is a synthetic antimicrobial chemical incorporated into various medical devices, personal health care products and household consumer goods. Although triclosan has been in use in the United States since the 1960s, the FDA is re-evaluating its safety and efficacy. The CDC reports that triclosan is detected in the urine of 75% of the U.S. population (Calafat et al., 2008) , a reflection of its ubiquitous use today. Triclosan is a small lipophilic compound that is readily absorbed through the skin. Many healthcare settings use triclosan-containing hand soaps and sanitizers to prevent nosocomial infections, and it was recently found that staff at hospitals that used triclosan-containing hand soaps had increased concentrations of triclosan in their urine (MacIsaac et al., 2014) . Although triclosan itself has low allergenic and irritation potential (Lachapelle et al., 1979) with few cases of contact dermatitis reported, analyses of data collected from the National Health and Nutrition Examination Surveys (NHANES) and others have revealed a positive association between urinary triclosan levels and diagnoses of allergy and hay fever (Clayton et al., 2011) , allergic sensitization to air and food allergens (Bertelsen et al., 2013; Savage et al., 2012; Spanier et al., 2014) , and increased asthma exacerbations (Savage et al., 2014) . Triclosan
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is incorporated into products at concentrations between 0.1% and 1%, and was found by our laboratory to augment allergic responses in a mouse ovalbumin (OVA) asthma model after 28 days of repeated dermal exposures to 0.75%-3% triclosan (Anderson et al., 2012) . The mechanisms that promote these adjuvant effects are not yet known. Further investigations into the immunological mechanisms that augment allergic responses with repeated dermal triclosan exposure are needed. We hypothesized that repeated dermal exposure to triclosan induces early changes in cytokine expression in the skin tissue and local draining lymph nodes that help promote allergic immune responses. Analyses of the early molecular and cellular changes in the skin tissue and skin draining lymph nodes (LN) after repeated dermal exposure to triclosan induce a unique cytokine expression signature in the skin that includes increased thymic stromal lymphopoietin (TSLP) expression in both mouse and human skin. In the lymph node (LN) we identified increases in antigen presenting cells (APCs), Th2 cells and IL-17 þ CD4 T cells. In vivo antibody blockade of TSLP significantly reduced the augmented allergic responses in the skin and LN. Dermal exposure to triclosan induces expression of TSLP in mouse and human skin tissue as a potential mechanism for augmenting allergic disease.
MATERIALS AND METHODS

Animals
Female BALB/cAnNTac (BALB/c) mice were purchased from Taconic and BALB/c-Tg DO11.10 (DO11.10) mice (6-8 weeks of age) from The Jackson Laboratory. Mice were housed 3-5 per cage in sanitized HEPA-filtered ventilated cages with sterilized hardwood chip bedding and nesting enrichment materials in the AAALAC-accredited NIOSH animal facility in Morgantown, WV. Mice were provided with NIH-31 modified irradiated rodent diet (Harlan) and autoclaved tap water ad libitum. Euthanization was performed by CO 2 asphyxiation. Animal procedures were performed according to the Guide for the Care and Use of Laboratory Animals and reviewed and approved by the NIOSH Animal Care and Use Committee.
Animal Procedures
Chemical exposures. Triclosan (Calbiochem; CAS number 3380-34-5) was dissolved in acetone (Sigma) as a percent solution (weight/volume) at concentrations based on previous studies (Anderson, et al., 2012) . For epicutanous exposures which we refer to here as dermal exposures, 25 ml of solution was pipetted onto the dorsal surface of both ears at 24-h intervals for the durations indicated. Studies included 3-6 mice/exposure group depending upon the biological endpoint being evaluated.
Injections. For OVA sensitization, mice received 10 mg of ovalbumin (OVA; Sigma) dissolved in USP grade PBS (Amresco) by intraperitoneal injection. Functional grade anti-mouse TSLP (clone 28F12, eBioscience) or Rat IgG2a isotype control (eBR2a) antibodies were also prepared in PBS and injected intraperitoneally (200-400 mg). A timeline of the treatments is depicted in Figure 7A . For adoptive cell transfers, CD4 T cells were negatively selected using magnetic cell isolation (Stemcell) from pooled spleens and peripheral lymph nodes collected from DO11.10 mice. DO11.10 CD4 T cells (3 Â 10 6 ) were adoptively transferred intravenously into BALB/c hosts just prior to OVA injections.
Ex Vivo Lymph Node Cell Stimulations Superficial cervical lymph nodes draining the ears (LN) were collected, homogenized between frosted microscope slides and counted on a Cellometer (Nexcelom). Lymph node cells (5 Â 10 5 )
were seeded into 96-well u-bottom plates with soluble anti-CD3 (5 mg/ml) and anti-CD28 (2 mg/ml) in RPMI media containing Lglutamine and HEPES (Cellgro) with 7.5% fetal bovine serum (Hyclone), 50 mM 1-Mercaptoethanol and penicillin-streptomycin (Sigma-Aldrich) (cRPMI). Cells were incubated for 24 h in a humidified incubator (37 C/5% CO 2 ). Cytokines in the supernatants were measured using Flowcytomix bead assay kits (eBioscience). For intracellular cytokine analyses, LN cells (1 Â 10 6 ) were incubated in loosely capped 12 Â 75 mm tubes in 500 ml cRPMI with leukocyte activation cocktail with Golgi Plug (BD) for 4 h.
Ear Histology and Protein Lysates
Ears were fixed in 10% neutral buffered formalin and embedded in paraffin. Tissues were sectioned at 5 mM and stained with Hematoxylin-Eosin (H&E) and evaluated using microscopy. Alternatively, ears (1 per mouse) were mechanically disrupted on a TissueLyser II (Qiagen) in T-PER protein extraction reagent (Pierce) and soluble proteins quantified by BCA protein assay (Pierce). Cytokines were measured in 25 mg of protein lysate using Flowcytomix bead assay kits (eBioscience) or measured in 100 mg of protein lysate by ELISA including TSLP (BioLegend), IL-25, and IL-33 (eBioscience).
Flow Cytometry
Cells were resuspended in staining buffer (PBS þ 1% bovine serum albumin þ 0.1% sodium azide) containing anti-mouse CD16/32 (clone 2.4G2) to block Fc receptors. PMA-stimulated cells were then additionally labeled with Live/Dead Aqua fixable solution (Life Technologies) for exclusion of dead cells. Cells were incubated with fluorochrome-conjugated antibodies recognizing extracellular proteins: CD11b-PerCPCy5.5 (clone M1/ 70), MHC class II-Alexa Fluor 700 (M5/114.15.2), DO11.10-TCR-FITC (KJ1-26), B220-Alexa Fluor 488 (RA3-0452), CD4-APC-eFluor 780 (GK1.5), CD44-Alexa Fluor 700 (IM7), OX40-PE (OX-86), CD80-PE (16-10A1), and CD86-APC (GL1) from eBioscience and CD4-V500 (RM4-5), CD8-V500 (53-6.7), CD69-PE-CF594 (H1.2F3), and GL-7-Alexa Fluor 647 (GL7) from BD Biosciences. Cells were fixed in Cytofix buffer (BD Biosciences), and for intracellular cytokine staining, cells were also permeabilized with Perm Wash (BD Biosciences) containing 10% rat serum (Stemcell) and antimouse CD16/32. Cells were then incubated with fluorochromeconjugated cytokine antibodies in perm wash: IL-4-Alexa Fluor 488 (11B11), IL-13-PE (13 A) and TNF-a-PE-Cyanine7 (MP6-XT22) from eBioscience, IL-17-PE-CF594 (TC11-18H10), and IFN-c-PE-CF594 (XMG1.2) from BD Biosciences and IL-2-BV42 (JES6-5H4) from BioLegend. Cells were alternatively fixed in Foxp3 fixation buffer (eBioscience), and incubated in Perm Buffer containing fluorochrome-conjugated antibodies: GATA-3 PE (TWAJ), T-bet-PE-Cyanine7 (4B10) (eBioscience) and ROR-ct-PE-CF594 (Q31-378) (BD). 100,000 events were collected and analyzed on an LSR II flow cytometer (BD Biosciences). Compensation controls were prepared with OneComp eBeads (eBioscience). Data analyses were performed using FlowJo 7.6.5 software (TreeStar Inc.).
EpiDerm Skin Model
The EpiDerm human epidermis tissues (EPI-200) were purchased from MatTek Corporation. The source of the commercially available tissues was a single human donor. Upon receipt, EpiDerm tissue inserts were incubated (4 C) for 1-2 h, and incubated overnight (37 C/5% CO 2 ) in 6-well tissue culture plates in 0.9 ml prewarmed (37 C) serum-free assay medium (MatTek Corp). Supernatants were collected and tissues were rinsed with Dulbecco's PBS (DPBS) without calcium and magnesium (MatTek Corp). After removing the DPBS, 0.9 ml prewarmed assay media was added beneath each cell culture insert. Triclosan was added in 30 ml volumes atop the cell culture inserts (n ¼ 3) and the plates were returned to the incubator for 24 h. These studies were repeated with tissues from separate donors to confirm the results (data not shown).
Real-Time PCR Ears (1 per mouse) or LN were mechanically disrupted on a TissueLyser II in Buffer RLT (Qiagen). Qiazol (ears) or chloroform (LN and EpiDerm) was added to the tissue homogenates, then vortexed and centrifuged for 10 min at 12 000Â g (4 C). Total RNA was extracted from the aqueous phase using Qiagen's RNeasy mini spin column kits with DNase treatment on a QIAcube work station. RNA concentrations and purity were analyzed on a NanoDrop spectrophotometer (Thermo Scientific ) was determined compared with acetone controls unless otherwise indicated and normalized for expression of housekeeping gene Actb (mouse) or GAPDH (human).
LDH Release Assay
Lactate dehydrogenase (LDH) was measured in 10 ml of EpiDerm culture supernatants using BioVision's LDH-Cytotoxicity Colorimetric Assay kit II. Absorbance (450 nm) was measured using a SpectraMax plate reader (Molecular Devices) with background subtraction.
Statistical Analyses
Statistical analyses were generated using SAS/STAT software, version 9.3 (SAS Institute). Data were analyzed with either 1-way (triclosan concentration) or 2-way (triclosan by day or immune parameter) analysis of variance using PROC MIXED. In some cases data were transformed using the natural log to meet the assumptions of the analysis. Significant interactions were explored utilizing the "slice" option in PROC MIXED, and pairwise differences were assessed using Fishers Least Significant Difference Test. Significant differences are indicated as P .05 (*), P .01 (**), P .001 (***), and P .0001 (****).
RESULTS
Kinetic Changes in Cytokine Expression in Skin Tissue With Repeated Triclosan Exposure
For these studies, triclosan was applied at 0.75% or 3% in acetone to the dorsal surface of both ear pinnae of BALB/c mice every 24 h for up to 12 days. These concentrations were previously found to enhance allergic responses in a mouse OVA asthma model (Anderson et al., 2012) . The majority of mice dosed with 3% triclosan exhibited some mild skin irritation ( Supplementary Fig. S1 ); these effects were typically observed after 4 days of repeated exposure, and peaked in severity after approximately 9 days. The skin of mice dosed with 0.75% triclosan generally appeared normal, however approximately 20% of the mice exhibited some mild skin irritation. Sections of ear pinnae from mice dosed with 3% triclosan (n ¼ 5) were further examined which revealed formation of epidermal keratocellular crust (4/5), keratosis (3/5), hyperplasia (5/5), subcorneal/superficial pustules (3/5), and dermal mixed inflammatory cell infiltrates (4/5). Histopathological changes associated with 0.75% triclosan were of minimal severity and lower incidence (1/5) than with 3%.
Next, we examined the cytokine expression kinetics in the skin tissue with repeated topical application of triclosan. To maintain consistency between studies, mice were also sensitized to OVA by intraperitoneal injection on Day 0 to help identify effects on antigen-specific responses. The histopathological effects of triclosan on the ear tissue were consistent regardless of OVA administration ( Supplementary Fig. S2A ). Dermal dosing was initiated on Day À2 thus the analyses shown for Days 2-10 reflect 4-12 days of repeat dosing, respectively. Changes in cytokine gene expression were first measured in the cDNA by realtime PCR which identified dose-dependent increases in the expression of Tslp, Il6, Il1b, and Tnfa with concomitant decreases in Il25 and Il33 ( Supplementary Fig. S2 ). Soluble proteins were extracted from the ear tissue and found to increase by 3-fold in total protein concentrations by Day 10 after 3% dosing compared with controls (Fig. 1A) . After normalizing total protein concentrations, TSLP was the only cytokine identified to increase significantly by Day 2 and remain increased (3%) (Fig. 1B) . Although Tslp was upregulated 3-fold in the skin with 0.75% triclosan exposure ( Supplementary Fig. S2 ), changes in TSLP protein expression were not significant. Inflammatory cytokines IL-1b and TNF-a were significantly increased by Day 7 (3%) which correlated with increased skin irritation. Conversely, IL-25, IL-33, and IL-1a expression were significantly decreased by Day 7 (3%). IL-22 was not detected in controls, but was detected at low concentrations with triclosan exposure. IL-4 was also detected by Day 10 along with small decreases in IL-2 (3%). Other cytokines below limits of detection included IFN-c, GM-CSF, IL-5, IL-6, IL-10, and IL-17A. Increased TSLP, IL-1b, and TNF-a expression in concert with decreased IL-1a, IL-25, and IL-33 expression suggests a unique cytokine expression signature is induced in skin tissue with repeated triclosan exposure. Cytokine gene expression changes were then measured in a primary human skin tissue model (EpiDerm) after triclosan application. A range of 2-fold dilutions of triclosan were applied (0%-0.75%) and tissues were examined after 24 h. Concentrations of triclosan ! 0.188% were toxic as measured by high lactate dehydrogenase (LDH) release (Fig. 1C) and poor RNA recovery (data not shown). At concentrations 0.094%, there were some increases in LDH release compared with acetone control, however RNA recovery was comparable thus the effects of triclosan were further assessed at concentrations between 0 and 0.1%. Interestingly, 24 h after application of 0.1% triclosan, TSLP, and IL1B transcripts were upregulated 5-fold and 2-fold respectively (Fig. 1D) . IL33 transcript was down-regulated in tissues exposed to both 0.1% and 0.05% triclosan. These results were consistent with the mouse ear tissue, but conversely, TNFA expression was decreased and IL1A was increased. The expression of IL6, IL22, and IL25 were below limits of detection.
Repeated Exposure to Triclosan Enhances Adaptive Immune
Responses and Cytokine Expression in the Skin Draining LN Next, the effects of triclosan on the skin draining LN were examined. There were significant dose-dependent increases in LN cellularity that peaked at Day 7 ( Fig. 2A) . Increased LN cellularity also occurred in non-OVA-sensitized mice dosed with triclosan ( Supplementary Fig S2B) . Further phenotypic analysis of the LN revealed a significant increase in the frequency of B cells across all time points (Fig. 2B) . On Day 2 after OVA sensitization, there was a significant increase in the frequency of CD11b high MHC II þ DCs (3%) and dose-dependent increases in the numbers of B cells, CD4 T cells, CD8 T cells, and DCs that peaked at Day 7 (Fig. 2C ). There were also significant increases in cytokine production by T cells from LN exposed to triclosan (Fig. 3A) . By Day 2, IL-2, IFN-c (0.75% and 3%) and IL-17A and IL-22 (3%) were significantly increased. By Day 4, IL-17A concentrations were also increased with 0.75% triclosan exposure. By Day 7, concentrations of IL-17A were still increased relative to controls; however significant increases in IL-4 (3%) and IL-13 (0.75% and 3%) emerged indicating a shift toward Th2 cytokine from the ear pinnae of OVA-sensitized mice after daily dosing with 0% (circle), 0.75% (square) or 3% (triangle) triclosan (n ¼ 6 mice). Data are representative of two independent time-course studies. LDH released into supernatants of EpiDerm tissues prior to (pretreatment) or after exposure to triclosan dissolved in acetone (n ¼ 3 wells) (C). Fold-change in gene expression relative to acetone control (0%) in EpiDerm tissues 24 h after application of 0.05% or 0.1% triclosan (n ¼ 3 wells) (D). Data are representative of two independent studies utilizing different donor tissues. Bars represent the mean 6 SEM, with statistical significance indicated as P .05 (*), P .01 (**), production. Other cytokines including IL-6, IL-10, IL-1a, and IL-21 were below limits of detection. Additional phenotyping of the LN CD4 T cells revealed a subset that expressed high levels of CD44 across all time points (3%) (Fig. 3B) . These cells were also CCR7 low and CD62L low (data not shown) suggesting this polyclonal CD4 T cell population consisted of primary effectors and/or effector memory T cells that had emerged or were recruited to the site. Intracellular cytokine staining (ICS) revealed that CD4 T cells were the primary producers of cytokines detected in the supernatants including IL-4, IL-13, TNF-a, and IL-17A, with some production of IL-2 and IFN-c (Fig. 3C ). CD8 T cells were the primary producers of IFN-c (data not shown). ICS staining for IL-5 and IL-22 expression was not sufficient to identify positive subsets. Examining co-expression of CD44 revealed the CD44 high CD4 T cells were a major source of IL-4, IL-13, IL-17, and IFN-c, whereas IL-2 and TNF-a were produced by CD44 low and CD44 high CD4 T cells (Fig. 2D) . Interestingly, co-ICS staining revealed mutually exclusive IL-13 þ IL-4 þ and IL-17 þ IL-4 neg CD44 high CD4 T cell subsets in the LN on Day 7 (Fig. 2E) . Expression of IFN-c, IL-2, and TNF-a was not unique to either of the 2 CD4 T cell subsets suggesting different functional roles for IL-17 and IL-4 in the responses to dermal triclosan exposure.
Dermal Exposure to Triclosan Promotes Th2 Responses in LN
Next, expression of transcription factors associated with different effector CD4 T cell subsets were measured including T-bet (Th1), GATA-3 (Th2), and ROR-ct (Th17). This revealed a CD4 T cell subset that expressed high levels of GATA-3 (Fig. 4A) . The mean fluorescence intensity (MFI) of GATA-3 expression in LN CD4 T cells was dose-dependently increased on Day 4 with triclosan exposure (Fig. 4B ) and the GATA-3 high subset was not found in the spleen or in other peripheral LN (Fig. 4C) . The GATA-3 high CD4 T cells also expressed OX40 which was increased both as a percentage of cells (0.75% and 3%) and MFI (3%) in both OVA-sensitized and nonsensitized mice ( Fig. 4D and E, Supplementary Fig. S2C ). Ox40l transcript was also detected in the LN and found to be increased 2-fold with 3% triclosan exposure although changes in protein expression were not detected (data not shown). It should also be noted that
FIG. 2. Repeated dermal exposure to triclosan promotes adaptive immune responses in the skin draining LN. Total number of LN cells (A), frequencies (B) and numbers
(C) of specific leukocyte subsets in the LN of OVA-sensitized mice after daily dosing with 0% (circle), 0.75% (square) or 3% (triangle) triclosan (n ¼ 4 mice). Data are representative of 3 independent studies. Bars represent the mean 6 SEM, with statistical significance indicated as P .05 (*), P .01 (**), P .001 (***), and P .0001 (****).
changes in Foxp3 (Treg) and Bcl-6 (T FH ) populations were unremarkable. We postulated that CD4 T cells with known antigen specificity could be influenced by triclosan and skewed towards a Th2 phenotype in vivo. OVA-specific CD4 T cells (KJ126 þ ) were adoptively transferred from transgenic DO11.10 mice into BALB/c mice that were then sensitized to OVA and dosed dermally with triclosan. KJ126 þ CD4 T cells identified in the spleen and LN were CD44 þ and consisted of 2% of the CD4 T cells on Day 4 after sensitization (Fig. 5A ). The numbers of KJ126 þ CD4 T cells in both tissues also peaked at Day 4 with significantly more in the LN of mice exposed to 3% triclosan (Fig. 5B) . Interestingly, on Day 2 there was a transient dose-dependent increase in the GATA-3 MFI in LN KJ126 þ CD4 T cells that was not observed in the spleen (Fig. 5C ). Thus CD4 T cells responding to OVA could be further skewed towards a Th2 phenotype when influenced by dermal triclosan exposure.
Dermal Exposure to Triclosan Enhances the Expression of Activation Markers on APCs in the LN
Significant increases in the numbers of B cells and DCs in the LN suggested that triclosan may also affect their expression of activation markers. Dose-dependent increases in the percentage of DCs that expressed CD80 and CD86 were observed after 4 days of repeated triclosan exposure (Fig. 6A) . CD40 was also expressed by the DCs however expression was not different (data not shown). There was also a dose-dependent increase in the percentage of B cells expressing CD86 that increased dramatically by Day 4 and remained increased (Fig. 6B) . The MFI of GL-7 expression, a marker for germinal center B cells, was also significantly increased by Day 9 (3%) (Fig. 6C) . These effects on APCs were not observed for any time-point in the spleen.
In Vivo Antibody Blockade of TSLP Impairs Allergic Responses in the Skin and LN Augmented by Triclosan TSLP is established to play an important role in allergic Th2 responses. After measuring early and sustained TSLP expression in the skin tissue, we employed a neutralizing antibody to determine the role of TSLP in the effects of dermal triclosan exposure. Mice were dosed with 0% or 3% triclosan and injected with anti-TSLP or isotype control antibodies at 3 day intervals as outlined in Figure 7A . On Day 7, evaluation of ear pinnae tissue sections revealed that anti-TSLP treatment (200 mg) reduced the histopathological effects observed with 3% triclosan exposure including decreased hyperplasia and inflammatory cell infiltrate (Fig. 7B ). Little to no TSLP protein was detected in the ear tissue of mice dosed with 3% triclosan and injected with anti-TSLP (400 mg) (Fig. 7C ); however at the transcript level, Tslp was increased 2-fold compared with isotype controls which may indicate a positive feedback loop for TSLP expression ( Supplementary Fig. S4A ). The lack of TSLP protein detection by sandwich ELISA was likely due in part to interference by the injected anti-TSLP antibody present in the ear tissue lysates. IL1b protein expression was also significantly decreased with anti-TSLP treatment, but no significant changes were observed for IL-1a, IL-22, IL-25, IL-33, or TNF-a transcript and protein (Fig.  7C, Supplementary Fig. S4 ). Il4 transcript, only detected in the 3% group, was decreased by half with anti-TSLP treatment ( Supplementary Fig. S4B ). Next, we examined the effects of blocking TSLP activity on the LN. With anti-TSLP treatment, there was a significant decrease in the total number of LN cells with 3% dosing (Fig. 8A) , including significant decreases in the numbers of B cells and DCs (Fig. 8B) . Although the number of T cells was not different, there was a significant decrease in the GATA-3 MFI with anti-TSLP treatment (Fig. 8C) . The MFI of OX40 expression was also decreased with anti-TSLP treatment but was not significant (P ¼ .08). A significant decrease in the frequency of CD44 high CD4 T cells which, albeit small, was repeatable with anti-TSLP treatment (Fig. 8C) . Anti-TSLP treatment also induced significant increases in TNF-a and significant decreases in IL-5 production by LN T cells with no effects on IL-22, IL-17A, IL-2, or IFN-c (Fig. 8D) . Changes in cytokine gene transcript expression also revealed greater than 2-fold decreases in Il4 and Il13 in LN cells with anti-TSLP treatment (Fig. 8E) . The results of blocking TSLP activity in vivo suggests TSLP plays an important role in augmenting Th2 allergic responses with triclosan exposure. The molecular and cellular changes we observed in the skin tissue and draining LN with dermal triclosan exposure are collectively summarized in an illustration (Fig. 9) .
DISCUSSION
As the prevalence of allergic disease continues to rise in Westernized countries (Graham-Rowe, 2011) , the roles of lifestyle factors including exposures to chemicals in products that we use at home and the workplace are under increasing scrutiny. Triclosan is ubiquitous, detected in > 75% of individuals in the United States (Calafat, et al., 2008) and over 50% of U.S. waterways (Kolpin et al., 2002) . Although not classified as a chemical sensitizer, there have been increasing reports associating triclosan exposure and allergic disease (Anderson, et al., 2012; Bertelsen, et al., 2013; Clayton, et al., 2011; Savage, et al., 2014; Savage, et al., 2012; Spanier, et al., 2014) . Here we show that topical application of triclosan induces expression of TSLP, IL1b, and TNF-a in skin tissue of BALB/c mice. TSLP is expressed by different cell types including epithelial cells, keratinocytes and DCs (Ziegler et al., 2013) and is induced as an integral part of cellular and immune responses to skin barrier damage (Angelova-Fischer et al., 2010; Oyoshi et al., 2010) . In primary human EpiDerm skin tissues, we also found increases in TSLP and IL1B transcripts with decreased expression of IL33 suggesting dermal triclosan exposure can act directly on keratinocytes to alter cytokine expression. Similar results were also obtained after treating EpiDerm skin tissues from a second donor (data not shown). In contrast with the intact mouse skin tissues, we identified a decrease in TNFA expression and an increase in IIL1A expression in the cultured tissues with triclosan exposure. The lack of inflammatory cell infiltrate in the EpiDerm tissue compared with the intact mouse skin tissue may account for these differences as infiltrating cells can produce and/or regulate cytokine expression in the skin. Curiously, there was a very small range of triclosan concentrations that produced measurable biological effects in the EpiDerm tissue system as little effects on gene expression were observed at 0.05% with marked toxicity at 0.2% by 24 h. This observation, along with the and proteins expressed by LN CD4 T cells (C) on Day 7 from mice dosed with 0% or 3% triclosan and co-treated with anti-TSLP (square) or isotype control (circle) (n ¼ 4-6 mice). Cytokine concentrations in supernatants collected from the LN cells stimulated for 24 h (D). Fold changes in cytokine gene expression in LN cDNA relative to 0%
control (E). Data are representative of two independent studies. Bars represent the mean 6 SEM, with statistical significance indicated as P .05 (*), P .01 (**), P .001 (***), and P .0001 (****). , 2015, Vol. 147, No. 1 as evidenced by dose-dependent increases in GATA-3 expression which may offer a potential mechanism for how triclosan augments allergic responses. The effects of triclosan on GATA-3 expression in KJ126 þ cells in the LN was observed transiently on Day 2, whereas increases in GATA-3 expression in the endogenous polyclonal CD4 T cells was observed later on Day 4. Interestingly, the Th2 cells did not require sustained high levels of GATA-3 expression to later produce Th2 cytokines (IL-4 and IL-13) at Days 7 and 10. The Th2 cell subset also expressed OX40 which is consistent with reports that TSLP activates DCs to prime Th2 cells (Soumelis et al., 2002) in part through OX40-OX40L interactions (Ito et al., 2005) . OX40 is an important costimulatory molecule for promoting effector and memory T cell responses in allergic disease (Jember et al., 2001; Salek-Ardakani et al., 2003) , including TSLP-mediated Th2 responses (Seshasayee et al., 2007) . IL-4, IL-13, and TNF-a have also been shown to promote TSLP expression in mouse keratinocytes which may reinforce an allergic response feedback loop (Bogiatzi et al., 2007; Dewas et al., 2015) . An IL-17A þ CD4 T cell subset was also identified in the LN that emerged early in the response. This subset was distinct from the IL-4 þ IL-13 þ Th2 subset as determined by co-ICS staining. IL-17A production was not affected by antibody blockade of TSLP suggesting that the generation or recruitment of the IL-17A þ CD4 T cell subset is TSLP-independent and that other mechanisms could play a role in the early responses to dermal triclosan exposure. TSLP also plays a pivotal role in promoting allergic responses to OVA in the lungs (Al-Shami et al., 2005; Zhou et al., 2005) . For this reason, we were unable to use a systemic TSLP blockade approach to determine the role of TSLP in augmenting responses to OVA in the lung with dermal triclosan exposure as OVA-specific immune responses would be severely impaired in control mice. Treatment with anti-TSLP was recently shown to reduce allergen-induced bronchoconstriction and indexes of airway inflammation in asthmatic patients (Gauvreau et al., 2014) and responses in the lung to house dust mite antigen in mice (Chen et al., 2013) . Intradermal administration of TSLP promoted the progression from atopic dermatitis to asthma (Han et al., 2012) and over-expression of TSLP in keratinocytes (Yoo et al., 2005) promotes allergic airway inflammation in mice (Demehri et al., 2009; Zhang et al., 2009) . Thus increased TSLP expression in skin tissue induced by repeated dermal triclosan exposure may also promote augmented allergic responses in the lung.
| TOXICOLOGICAL SCIENCES
Mice dosed with 3% triclosan exhibited skin irritation that peaked in severity after 9 days of exposure. Similarly, individuals that used 2% triclosan hand washing cream (Ayliffe et al., 1988) and 25% of subjects who used a 2% triclosan soap reported irritation of the skin (Bendig, 1990) . Studies of repeated dermal triclosan exposure with B6C3F1 (B6) mice describe similar skin irritation that occurred as early as Day 4 (Fang et al., 2014) and resolved by Day 28 (Anderson et al., 2015) , likely due in part to the protection provided by the repaired skin. With repeated application of 0.75% triclosan, we observed little skin irritation, however significant effects still occurred in the skin and LN including increased expression of Tslp and Tnfa in the skin tissue, increases in cellularity of the skin draining LN, increased IL-4, IL-17A, IL-22, IFN-c, and GATA-3 expression by CD4 T cells and increases in CD80 and CD86 expression on LN DCs and B cells. Thus topical application of triclosan produces measurable immunomodulatory effects even in the absence of overt skin MARSHALL ET AL. | 137 irritation which is important to consider as triclosan is incorporated into products within a range of 0.1-1%.
The mechanism of action of triclosan, particularly at lower concentrations, is targeted inhibition of the Fab I gene of the bacterial type II fatty acid synthesis pathway which reduces bacterial viability (Heath et al., 1999; Levy et al., 1999; McMurry et al., 1998) . The effects of triclosan on host microbial flora (microbiome) has not yet been well described; however, data are emerging that suggest disruption of the microbiome can play a role in allergic disease (Hoskin-Parr et al., 2013; Kong et al., 2012) . Interestingly, mice housed in a germ-free (GF) environment were found to express significantly higher levels of TSLP in their skin compared with those housed in specific pathogenfree conditions (Yockey et al., 2013) . Asthma and allergies have a complex etiology determined by a combination of host genetic and environmental factors. TSLP could be a relevant biomarker in skin tissue for identifying chemicals with potential immunomodulatory health effects like triclosan. With increasing evidence of health effects resulting from exposures to antimicrobial chemicals, we must continue to carefully consider how best to balance infection control practices with the potential health risks associated with overuse of antimicrobial chemicals to protect healthcare workers and the general population.
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